Tungsten mixed carbon dust was prepared using a deuterium arc plasma discharge with tungsten and carbon electrodes. The concentration of tungsten with an atomic ratio of W/(C+W) was in the range from 0 to 0.3. The Raman spectra showed that the crystal structure of carbon became amorphous with the addition of tungsten, although two broad peaks owing to graphite and defective graphite appeared. The structure also became amorphous when the substrate temperature decreased. The retained deuterium desorbed mainly at approximately 900 K, which corresponds to the desorption of deuterium trapped by carbon atoms. Namely, most of the co-deposited deuterium is retained in the carbon atoms. The amount of retained deuterium increased with an increase in the tungsten concentration. The amount of retained deuterium was larger than that of the co-deposited carbon dust which was similarly prepared in the arc plasma discharge with only carbon electrodes. The increase in deuterium retention is due to the enhanced amorphous structure by the mixture of tungsten.
Introduction
One of the major problems faced by the International Thermonuclear Experimental Reactor, (ITER), is an evaluation of the in-vessel tritium inventory, since the tritium inventory needs to be controlled below the operation limit set by safety considerations. Carbon fiber composite (CFC) and W are employed as the plasma facing materials in the ITER 1) for the divertor trace and other divertor regions, respectively. Be is used as the armor for the first wall. Graphite material has the largest capability to retain fuel hydrogens from among these materials. During the main plasma discharge, the CFC target receives high heat and particle fluxes; carbon dust is then produced by the evaporation and sputtering of the CFC. Carbon dust is predicted to have a high fuel hydrogen concentration; thus, the in-vessel tritium inventory is determined by the fuel hydrogen retention in the carbon dust. The tritium retention in carbon dust was evaluated on the basis of the deuterium retention in the co-deposited carbon dust prepared by the deuterium arc discharge. 2, 3) In the case of DT discharge, the tritium concentration with the T/C atomic ratio was 0.1. The tungsten wall in the divertor region also receives high heat and particle fluxes, so that the tungsten atoms mix with the carbon dust. However, very limited research has been conducted on the fuel hydrogen retention in the tungsten mixed carbon dust.
The tungsten mixed carbon dust deposits on the wall with different temperatures. Namely, the dust deposits on the divertor region and the wall in the vacuum chamber with a temperature higher than 1073 K and approximately 573 K, respectively. The fuel hydrogen also deposits on the tungsten mixed carbon dust. [4] [5] [6] [7] Thus, it is necessary to measure the concentration of fuel hydrogen in this co-deposited dust.
The purpose of the present study is to prepare the tungsten mixed carbon in conditions similar to those in the fusion environment, and to measure the deuterium concentration in the tungsten mixed carbon dust, in order to evaluate the tritium concentration in the tungsten mixed carbon dust in the ITER.
Experimental
The co-deposited tungsten mixed carbon dust was prepared on the substrate placed on the inner wall of the D 2 arc discharge apparatus as shown in Fig. 1 . Carbon and tungsten electrodes were employed to prepare the tungsten mixed carbon dust. In order to prepare the carbon dust, only the carbon electrodes were used both for the anode and the cathode. The tungsten and carbon atoms eroded during the discharge deposited on the Mo substrate placed in the vacuum chamber. During the discharge, the deuterium pressure was measured using a diaphragm gauge, (DG). The pressure in the divertor region of the ITER is approximately 1 Pa. The discharge gas pressure was then taken from 0.1 to 4 Pa. In order to that the thickness of the dust becomes approximately 1 mm, the discharge time was taken to be 330 s. the ITER is 573 K, so that the substrate temperature was taken from 300 to 850 K at gas pressure of 1.6 Pa. The depth profile of atomic composition in the dust was measured by Auger electron spectroscopy. The crystal structure of the dust was examined by X-ray diffraction, (XRD), and Raman spectroscopy, (RS). In the Raman spectrum, the shift of the wave number expresses an energy change of the incident laser wave owing to the Raman scattering. The sharp spectrum shows a good crystal structure and the broad spectrum shows an amorphous one. The amount of retained deuterium was measured by the thermal desorption spectroscopy, (TDS). The dust sample was placed in the Ta container of the TDS apparatus, and heated by an infrared furnace from room temperature, (RT), to 1273 K, with a heating rate of 0.5 K/s. The desorption rates of D 2 and HD were measured using a quadruple mass spectrometer, (QMS). The amount of retained deuterium was obtained by integrating the desorption rate with respect to the heating time or heating temperature.
Results
As shown in Fig. 2 , the co-deposited tungsten mixed carbon dust that was prepared by the arc plasma discharge had a film-like structure. Figure 3 shows the depth profile of atomic composition in the tungsten mixed carbon dust prepared at the substrate temperature of 300 K. In this dust, the tungsten concentration with the W/(C+W) atomic ratio was 0.26. In every sample, no clear diffraction pattern was observed by the X-ray diffraction. The Raman spectrum of the co-deposited tungsten mixed carbon dust depended on the tungsten mixture and the substrate temperature, as shown in Fig. 4 . The Raman spectra of the co-deposited carbon dust similarly prepared by the arc plasma discharge are also shown in this figure. In both dusts, broad peaks at the graphite band (G-band, 1580 cm À1 ) and the defective band (D-band, 1360 cm À1 ) appeared in the cases with a high substrate temperature. At a lower substrate temperature, (300 K), a single broad peak at 1520 cm À1 appeared between the G-and D-bands. This spectrum often appears in the carbon film produced by plasma chemical vapor deposition, (PCVD), and is considered to be caused by the amorphous carbon. 8) Namely, the carbon structure becomes more amorphous with decrease in the substrate temperature. When compared with co-deposited carbon dust, co-deposited tungsten mixed carbon dust was observed to be more amorphous, since the spectrum was broader. The Raman spectra of the codeposited tungsten mixed carbon dust with different tungsten concentrations were also measured. The carbon structure became amorphous as the concentration of tungsten increased.
2 µ m The desorption spectrum and the amount of retained deuterium obtained by TDS was investigated. Figure 5 shows the thermal desorption spectrum of co-deposited tungsten mixed carbon dust prepared with a substrate temperature of 300 K. Two desorption peaks are known to appear at 420 K and 900 K after the irradiation of deuterium ion with an energy of 1.7 keV for the tungsten mixed graphite.
9) The lower and higher temperature peaks arise due to the desorptions of deuterium trapped by tungsten and carbon, respectively. The trapping of deuterium occurs in the ion implantation range, where the structure is amorphous, since the lattice atoms are displaced a few times. In the tungsten mixed carbon dust under consideration, deuterium was trapped by the co-deposition of deuterium atoms with an energy of several eV, and the major desorption peak appeared only at 900 K. The difference in the desorption behavior is not clearly known, though it is speculated that the difference might be caused by the energy of deuterium. This result suggests that most of the deuterium is trapped by the carbon atoms. Major gas species that were desorbed were D 2 , HD, and CD 4 . The amounts of desorbed gases per unit weight of carbon were plotted against the tungsten concentration, as shown in Fig. 6 . The amount of hydrocarbons decreased with an increase in the tungsten concentration, although the deuterium gases, D 2 and HD, increased with an increase in the tungsten concentration. This result suggests that the chemical erosion of carbon is suppressed owing to the mixture of tungsten. 9) The deuterium concentration for the co-deposited tungsten mixed carbon dust with different tungsten concentrations, was obtained in the TDS spectrum by integrating the deuterium desorption rate from RT to 1273 K. Figure 7 shows a plot of the D/C and D/(C+W) atomic ratios versus the tungsten concentration. For each sample, the substrate temperature was taken as 300 K. The deuterium concentration in the co-deposited carbon dust corresponds to the case of tungsten concentration of 0 at%. Since most of the deuterium is trapped in the carbon atoms, the D/C atomic ratio is suitable to express the deuterium retention. The codeposited tungsten mixed carbon dust had a higher deuterium concentration as compared to that of the co-deposited carbon dust. The concentration of deuterium in the co-deposited tungsten mixed carbon dust increased with an increase in the tungsten concentration. As shown in Fig. 4 , the structure of carbon became more amorphous by the mixing of tungsten. Hence, the deuterium concentration may have increased due to the enhanced amorphous structure by the mixture of tungsten. Figure 8 shows the plot of the deuterium concentrations in the co-deposited tungsten mixed carbon dust and the co-deposited carbon dust versus the substrate temperature. In temperature ranges below 700 K, the concentration in the co-deposited tungsten mixed carbon dust was approximately twice as high as that in the co-deposited carbon dust. The concentration in the co-deposited tungsten mixed carbon dust became comparable with that in the co-deposited carbon dust, when the temperature was higher than 700 K. The structure of the co-deposited tungsten mixed carbon dust was more amorphous in the low temperature regime. This possibly accounts for the higher concentration of deuterium. The above results suggest that the mixing of tungsten into co-deposited carbon dust increases the fuel hydrogen retention. The sputtering yield and the amount of evaporation of the tungsten armor are known to be significantly smaller than those of the CFC armor in the ITER. Hence, the mixing ratio of tungsten will be very small, perhaps less than several at%. Thus, the increase in deuterium retention by the mixture of tungsten may be ignored in the total in-vessel tritium inventory. However, in fusion demonstration reactors, the tungsten sputtering becomes dominant when the ion temperature at the plasma boundary exceeds several hundred eV and the wall temperature exceeds the melting temperature of tungsten. In this case, there is a high concentration of tungsten in the dust; thus, the tritium concentration in the dust is increased.
Summary
The co-deposited tungsten mixed carbon dust was prepared using a deuterium arc plasma discharge with carbon and tungsten electrodes. The discharge pressure was taken from 0.1 to 4 Pa. The substrate temperature was taken in the range from 300 to 850 K. The Raman spectra showed that the structure of carbon in the co-deposited tungsten mixed carbon dust was amorphous. The structure became more amorphous with an increase in the tungsten concentration and a decrease in the substrate temperature. The structure was more amorphous, than that of co-deposited carbon dust. The co-deposited deuterium of the tungsten mixed carbon dust was mainly trapped in the carbon atoms. The deuterium concentration in the co-deposited tungsten mixed carbon dust increased with an increase in the tungsten concentration and with a decrease in the substrate temperature. This increase corresponds to the enhancement of the amorphous structure owing to the mixture of tungsten. 
